Endogenous pancreatic islets have a dense glomerular-like angioarchitecture, which ensures an optimal delivery of oxygen and nutrients to the islet cells, provides signals from other cells in the body and disposes secreted hormones. Transplantation of isolated islets means that their vascular connection is interrupted. The islet grafts therefore depend upon endothelial cells and microvessels originating in the implantation organ for derivation of a new vascular system. A reestablishment of islet blood-flow occurs within 7-14 days after transplantation, mainly through vascular sprouting. The newly formed blood vessels acquire the morphological characteristics of those in endogenous islets. In intraportally transplanted islets to the liver, the islets become revascularized almost exclusively from tributaries to the hepatic artery. Exocrine contamination of the transplanted islets could hamper the revascularization process, whereas neither cryopreservation nor immunosuppressive drugs like cyclosporin, prednisolon and RS-61443 have any essential effects on the angiogenesis. Investigators have noticed improvements in islet graft survival and function by means of basic fibroblast growth factor (bFGF), acidic FGF and endothelial cell growth factor exposure of the grafts. The functional properties of transplanted islets are largely unknown, but evidence from experimental islet transplantation suggests that both the blood perfusion and the tissue oxygen tension of the grafted islets are chronically decreased, indicating an insufficient vascular system. In order to achieve optimal condition for survival and function of transplanted beta cells, it is important to ascertain whether impairments in vascular function are present also after clinical islet transplantations as well. [Diabetologia (2002) 45:749-763] 
pancreatic islets in experimental animals has the potential to permanently cure diabetes mellitus [9] . Clinical islet transplantation, on the other hand has been largely disappointing, with only a handful of reported patients with long-term graft function [10] . Recently, application of the Edmonton protocol [11, 12] which, among other things, includes a markedly increased number of transplanted islets (13,000 islet equivalents (IEQ) for each kg body weight) has led to much higher success rates, with almost all patients achieving insulin independence. The need of this high number of transplanted islets might, at least partially, be due to a lack of proper engraftment and thereby a loss of many of the implanted endocrine cells [13] . In view of the shortage of islets for transplantations any possibility to achieve an optimal engraftment [6] is of utmost importance.
The purpose of this review is to outline in detail the changes in islet vasculature induced by transplantation, and in this context to discuss possible secondary functional alterations, and remedies for these.
Normal islet vasculature

Morphology of the vasculature of endogenous islets.
The morphology of the pancreatic islets is highly complex with at least four different endocrine cell types organized around a sinusoidal network of fenestrated capillaries [14, 15] . Studies using scanning electron microscopy or vascular corrosion casts have demonstrated that the vasculature of the islets depends on the size of the islets. Smaller islets (diameter less than 100 µm) are included into a capillary network in common with exocrine cells. Larger islets, on the other hand, are supplied by 1-3 arterioles, branching from intralobular arteries [16] . Likewise, larger islets empty into venules, which form a basket-like network covering the surface of the islets [14] .
In addition to the veins, some effluent blood vessels form into an insulo-acinar portal system, consisting of small vessels connecting the islet capillaries with capillaries in the exocrine parenchyma [17] . This portal system is believed to deliver high local concentrations of insulin to the exocrine acini, thereby providing a trophic stimulus for this tissue [18, 19] . The extent of this system is species-dependent, and in rodents it seems as if large islets -that is those that are isolated for subsequent islet transplantations (see below) -mainly empty through venules directly into intralobular veins [14] . The conditions in human islets are less well known, with previous studies suggesting that the portal system is well developed [20, 21] . Even a third, ductal capillary system, connected in series to those in the endocrine and exocrine tissues could exist in mouse and rabbit pancreas [22, 23] , though this concept has been challenged [24] (Fig. 1) . Regarding the morphology and microcirculatory function of the vasculature of human islets most data suggest that it is similar to that of rodent islets after experimental transplantation [25] .
When the arterial blood vessels enter the islet they branch into a dense network of sinusoidal capillaries, with a morphological resemblance to renal glomeruli. These capillaries are of fundamental importance, not only for the delivery of oxygen and nutrients to the endocrine cells, but also to provide signals from other cells in the body, mediated through endothelial cell receptors [26] , as well as for the disposal of the secreted hormones. Different opinions on the organisation of the endogenous islet vascular architecture have been presented [15] . According to one view, based on functional studies with anterograde and retrograde perfusions and administration of blocking antibodies, the distribution of the different cell types with regard to the blood capillaries is not random, but is organized so that the arterial blood first reaches the beta cells, then the alpha and delta cells, respectively [27] . In line with this view, the arterioles penetrate a discontinuity in the non-beta-cell mantle of the islets and branch from the central portions towards the periphery of the islets [28] . This means that the beta cells are not normally exposed to high concentrations of the other islet hormones.
On the contrary, experimental studies on vascular corrosion casts have been interpreted by some to demonstrate that the arterioles branch already in the periphery of the islets, thereby exposing the beta-cell rich islet core to high levels of somatostatin, glucagon and pancreatic polypeptide [17, 21, 29] . According to a third view, blood travels from the arterial pole of the islet to the venous pole regulated by external and internal gates without any preferential order of perfusion of the endocrine cells [30, 31] . For further references, see [15, 32] .
Because the islet vasculature is disconnected by the isolation procedure before transplantation, the re- establishment of the vascular architecture after implantation would be of major importance to achieve an adequate graft function. It should also be kept in mind in this context, firstly, that islets isolated for the purpose of transplantation are usually large islets; secondly, they are either implanted as single islets (e.g. intraportally into the liver as in almost all human islet transplantation) or as aggregates of islets, such as under the renal capsule or into the spleen in experimental islet transplantation. The importance of this for revascularization will be further discussed below.
Blood perfusion of endogenous islets.
A review of results on islet blood flow regulation, including studies performed with direct observations on the vasculature, has been published [31] . Quantitative determinations of endogenous pancreatic islet blood flow have become possible by modifications of a microsphere technique [31] . Such studies have shown that pancreatic islets have a blood perfusion of about 5-15% of that of the whole pancreas, despite comprising only 1% of the gland [32, 33, 34, 35] . Previous findings suggest that islet blood flow is autonomously regulated from the blood perfusion to the rest of the pancreas and is uniquely adapted to the needs of the endocrine cells [31] .
To ensure an appropriate blood perfusion increase when the needs for secretion of insulin increase, islet blood flow is regulated both by nervous, endocrine and metabolic mechanisms [31] . The vagus nerve seems to be the most important entity when mediating this [36] . Glucose receptors connected to the vagus nerve, and responsible for this response, have been found in the brain, oral cavity and duodenum, whilst similar receptors in the liver mainly work through sympathetic nerves [36, 37, 38] . Because pancreatic islets are functionally denervated after transplantation [39, 40, 41] , this means that there is probably a change in the blood-flow regulation (see below). Transplanted whole pancreases, i.e. denervated glands, have been found to lack the islet blood-flow increase seen early after glucose administration [42] . Beginning about 10 min after induction of hyperglycaemia, the increased metabolic activity of the islets can also help to maintain a high islet-blood perfusion, mainly through adenosine [43] . Such mechanisms are likely to be more important for islet graft blood flow.
Islet blood flow is also influenced by gastrointestinal hormones, mainly incretins [31] , and endothelial derived mediators, such as nitric oxide (NO), angiotensin II, endothelins and natriuretic peptides. It seems, for instance, as if an intact production of NO is necessary to maintain the high basal islet blood flow both in the endogenous [44, 45] and transplanted whole pancreas [46] , and as if islet vasculature is more sensitive than exocrine blood vessels to the vasoconstrictor actions of endothelins and angiotensin II [47, 48].
We, and others, have in several studies noted marked disturbances in the islet vasculature, islet blood flow and capillary blood pressure during conditions with impaired glucose tolerance [49, 50, 51, 52, 53, 54]. Similar findings have been made in animal models of Type I (insulin-dependent) diabetes mellitus [55] . Of particular interest in this context are the findings that islet endothelial cells in BB rats, a Type I diabetes model, have a dysfunction of their constitutive nitric oxide synthase (cNOS) which correlates strongly with the probability for disease manifestation [56] . Islet blood flow is, as mentioned above, strongly influenced by NO, but it is not clear if the dysfunctional cNOS in these islets is associated with any changes in blood perfusion. Because capillary hyperperfusion, and the associated capillary hypertension, could lead to vascular damage [57], the observed changes could be a contributory factor to the impaired beta-cell function seen during these conditions. Furthermore, these findings highlight the importance of evaluating possible changes in the blood perfusion of transplanted islets.
Engraftment of transplanted islets
The engraftment, that is the adaptation of the transplanted cells to the implantation organ, is crucial for the ultimate function of the implanted islets. This is a complex process, encompassing among other things revascularization, reinnervation, ingrowth and/or expansion of stromal connective tissue cells and reorganization of the endocrine cells (Table 1) . Furthermore, the inherent capacity of different implantation organs to stimulate e.g. angiogenesis, venous drainage and reinnervation should also be considered. This process has so far been partly addressed in several studies but the knowledge gained is far from complete. Increased information on this process will be a cornerstone for the development of techniques to diminish loss of endocrine cells after transplantation. In the discussion below, unless otherwise stated, we refer to cultured rodent islets implanted as an aggregate under the renal capsule of syngeneic recipients. Another issue which is important is species differences, not only in islet function [58] , but also in vascular architecture and blood-flow regulation. As far as we have been able to ascertain there are no obvious differences with regard to angiogenesis and blood flow in human islets implanted into athymic nude mice when compared with other species. More subtle differences cannot of course be excluded.
Of particular importance for engraftment is the fact that islets are implanted either as single entities, or as aggregates of islets without, or with only minor amounts of associated exocrine tissue. Experimental studies where the islets are implanted into a skinfold chamber [59] or into the cheek pouch of hamsters [60, 61, 62] are examples of the former, whereas aggregates of islets (usually 200-300) implanted under the renal capsule, or into the spleen [63, 64] are examples of the latter. Islet implantation intraportally into the liver, which is used in clinical islet transplantation, is done by means of an injection directly into the portal vein of aggregates of islets, which then presumably spread into portal tributaries within the liver parenchyma. This means that they can be found within the portal vasculature individually or as aggregates of a few islets. It should be noted in this context that, whereas in humans an even distribution is easy to achieve, the small size of the portal vein in rodents makes the placement of the portal catheter tip crucially important for the intra-hepatic distribution of the administered islets.
Vasculature of transplanted islets
Time schedule for revascularization. Unlike whole organ transplantations where a direct vascular anastomosis is established and blood flow is immediately restored, islets are implanted without any direct connection to the host vasculature. This issue has been addressed by several groups, and there is general agreement that intra-graft blood vessels can be seen within 3-5 days after transplantation and that there is a reestablishment of blood flow within 7-14 days [59, 65, 66, 67, 68, 69, 70]. The required time seems to be independent of whether the islets are implanted singly, or in aggregates, or the implantation organ chosen. There are, however, few studies addressing the functional competence of these newly formed blood vessels. Studies in other systems suggest that newly formed blood vessels consist almost exclusively of endothelial cells. This means that they have not yet established a normal capillary structure, and thereby have a markedly increased wall permeability (see below). Some experiments suggest that a complete maturation, especially from a functional point of view, is not achieved until several months have passed, at least when aggregates of islets are implanted [63, 71] .
Origin of graft blood vessels. The origin of the newly formed blood vessels within islet grafts has not been completely clarified. It has been suggested that culture of isolated islets induces the disappearance of endothelial cells, as well as macrophages, dendritic cells and nerve cells, since the in vitro conditions are not optimal for these cell types [6, 72] . However, the lack of detectable endothelial cells after culture might not necessarily be due to an elimination of these cells, but can instead be caused by an endothelial dedifferentiation [73] . If this is the case, it could be that these cells once again assume their original phenotype and participate in the formation of new blood vessels after implantation. It is likely, however, that most, if not all, of the newly formed blood vessels originate from recipient blood vessels [74] . This is in analogy to what is seen with vascular smooth muscle tissue after experimental aortic implantations [75] , and mesenchymal cells in kidney grafts [76] . However, recent studies suggest there could be a mixture of endothelial cells of both donor and recipient origin [77] .
Because the implantation organ is likely to provide the newly formed blood vessels, it is important to clarify to what extent the angiogenic potential differs between different organs, as is the case for revascularization of tumours [78] . In a recent study we have found that there is indeed a difference in the degree of revascularization after the implantation of rodent islets to different organs [79] . Islets implanted into the kidney had more blood vessels than those within the spleen or liver. It should be noted that, in rodents, islets implanted intraportally into the liver survive for a shorter time span than islets at other sites [80] , which could partially be explained by differences in revascularization.
Foetal islet-like cell clusters (ICC) are likely to contain immature precursor for endothelial cells, as well as angioblasts. Nevertheless, there is evidence for the occurrence of recipient endothelium within the grafted ICC. Indeed, foetal porcine ICC which develop endothelial cells during revascularization would be prone to hyperacute rejection when implanted into rodents. Because this does not occur [81] it is likely that most endothelium is derived from the host. In confirmation of this, transplantation of metanephroi from embryonic rats or mice has demonstrated that some parts of the vasculature are derived from the host [82, 83, 84] . It should be noted that it is not known when islets in foetuses become vascularized. Results from one study [85] , suggest that it occurs during the last days of pregnancy in Mongolian gerbils. Presently, we have found that a fairly large number of blood vessels is present on day 20 in foetal rat pancreas (Fig. 2) .
Mechanisms for graft revascularization: angiogenesis vs vasculogenesis.
The most common form of angiogenesis, that is formation of blood vessels from preexisting microvasculature, is vascular sprouting [86, 87] . This has been found in transplanted foetal ICC [88, 89] , and after implantation of adult islets [59, 66] . It should be noted that vascular endothelial growth factor (VEGF) is expressed at different localities in foetal tissues [89] , as well as in islets from adult donors [90] , and could stimulate angiogenesis.
A more surprising finding was that there is intussusceptive capillary growth (Fig. 3 ) in foetal ICC grafts [88] . This means that new blood vessels are formed by ingrowth of tissue pillars into pre-existing blood vessels, which is an important contributor to the formation of new blood vessels [87] . It is, however, at present not known if this occurs also during revascularization of adult islets.
Normally the microvasculature is the origin of the newly formed blood vessels. Somewhat surprisingly, syngeneic islets transplanted intraportally into the liver in mice become revascularized almost exclusively from tributaries to the hepatic artery, and only to a small extent from the portal vein [67] . This is similar to tumours metastasing to the liver [91] , suggesting that it is mainly arterial microvessels that are induced to form these particular angiogenic sprouts. It is not clear if the previously described instant blood mediated inflammatory reaction [92, 93] , leading to an accumulation of trombocytes and subsequent release of e.g. plateled-derived growth factor, is involved in this process. It remains to be defined whether the main contribution of nutrients and oxygen to the graft is from the perfusing arterial blood vessels in direct contact with the endocrine cells of the islet core, or from the portal blood passing the periphery of the islets. This is, however, important because one of the arguments for implanting islets intraportally into the liver is that nutrients and other substances in the portal blood could directly affect islet function. In long-term intra-hepatic islet grafts there is often a disruption of the normal islet structure, with strands of endocrine cells sometimes entering the liver lobuli [94, 95] , which probably improves blood supply.
There is a growing interest in the possible contribution of circulating stem cells or angioblasts or both to the revascularization of grafts. Such stem cells can differentiate into angioblasts and participate in angiogenesis [96] . They have even been used experimentally to improve, for example, the functions of ischaemic myocardium [97] . In a recent study on tumours, how- [88] showing intussusceptive capillary growth. The holes within the cast represent tissue pillars. Scale bar is 100 µm ever, there was no significant contribution of angioblasts to the revascularization process [98] .
Morphology of graft capillaries. The blood vessels formed in the transplanted islets have morphological characteristics of those of endogenous islets, i.e. they consist of wide capillaries with a fenestrated endothelium [65, 95, 99] . Similar observations that ingrowing capillaries acquire a phenotype characteristic of the graft, e.g. the development of a blood-brain barrier after neural transplantations, have also been made in other cell transplantations [100] . It should be noted that this also seems to be independent of the implantation site [65, 72, 101] .
In an electron microscopical study on foetal porcine ICC and islets from adult mice, some of the ingrowing microvessels initially possessed a continuous endothelium but this was soon replaced by fenestrated cells [99] . This confirms that high islet hormone concentrations contribute to the formation of the fenestrae [102] . The recent observation in vitro that cultured islet endothelial cells possess fenestrae suggest that insulin is of major importance in this context [103] .
Whether endothelial cells within islet grafts have similar functional capabilities as those of endogenous islets is not known. Previous studies have shown the presence of angiotensin-converting enzyme and endothelial nitric oxide synthase in endogenous islets [104, 105] , as well as in transplanted islets (Mattsson, Carlsson and Jansson; unpublished observations). It is also not known to what extent the choice of implantation organ affects the phenotype of the intra-graft endothelium. In view of the discussion in the previous sections on the origin of transplant capillaries, this aspect of graft vasculature is worthy of further investigation.
Another issue of potential importance for the success of islet transplantation is the expression of different integrins on the endothelial cells, which could lead to leukocyte rolling and migration into islet tissues. Integrins are of crucial importance for the interaction with matrix proteins [106] , which are important for the regulation of insulin release [107, 108] . At least some integrins are down-regulated after collagenase isolation and subsequent culture [109] , but little is known of beta-cell integrin expression after transplantation of islets. Intercellular adhesion molecule-1 (ICAM-1) could be expressed on both human islet endocrine and endothelial cells and have been shown to be induced during culture [110, 111] . This induction of ICAM-1 seems to be at least partially mediated through cellular hypoxia and the increased expression of interferon-α (IFN-α) [111, 112] . Both in the immediate period after transplantation and later on, the transplanted islets also have a reduced tissue oxygen tension [64, 113] . However, to our knowledge no studies have investigated whether similar upregulation of IFN-α and ICAM-1 occurs in islet grafts. It is well known that interference with the functions of some adhesion molecules delays or prevents rejection after experimental islet transplantation, both in allogeneic [114, 115] and xenogeneic systems [116] . However, the extent to which these antibodies interfere with endothelial molecules, rather than those expressed on endocrine graft cells is not known. Expression of heat shock proteins after implantation is also likely to affect the expression of integrins on endothelial cells, thereby affecting recruitment of leukocytes into the graft [117] .
Vascular channels and vascular mimicry. In the electron microscopical study of blood vessels in transplanted islets referred to above, we consistently noted the presence of erythrocyte-containing, non-endothelialized channels in the grafts [99] . In some instances we could even see beta-cell granules emptying into these spaces. Their frequency decreased with time but they persisted for at least up to 6 months after transplantation. This could represent a phenomenon similar to the so called vascular mimicry suggested to occur in some malignant tumours, where parenchyma and stromal cells form blood-filled channels within the tissue [118] . The functional importance of these structures awaits further studies. It can, however, be speculated that such structures could directly expose the surfaces of transplanted islets to trombocytes. Because the normal anticoagulant properties of the endothelium are absent, the trombocytes could become activated and thereby damage the grafts [92, 93] .
Vascular density and architecture. Endogenous islets have in general been claimed to possess a dense vasculature but only few studies have quantitated this. A consistent finding has been that the endocrine pancreas has a higher vessel density than the exocrine parts of the gland [e.g. 119, 120, 121] . When single islets are implanted, angiogenesis leads to the formation of a glomerular-like vascular system similar to that of endogenous islets, and with a density higher than that seen in surrounding tissues [32] . A consensus from viewing histology slides of islets implanted as cellular aggregates, e.g. under the renal capsule, is that there is a vascular architecture similar to that of native islets [32] . This can be because the spaces the endothelial cells had been occupying remain within the islets and provide a path of least resistance for the ingrowing new blood vessels. Furthermore, it is possible that the basal lamina remains even after culture and thereby provides an appropriate matrix for the ingrowing endothelial cells.
Somewhat contrary to these notions, an intravital microscopy study showed a deterioration in the revascularization of aggregated islet transplants, even when clusters of only 50 islets were transplanted [122] . In line with this, we were able to show that vascular density in the endocrine tissue was in fact much lower after implantation, when compared with endogenous is-lets [79] . This was independent of whether the islets were implanted to the kidney, spleen or intraportally into the liver. However, it should be noted that islet grafts implanted into the spleen or under the renal capsule consist to a large extent (about 30%) of connective tissue. Furthermore, a majority of the blood vessels in a graft is located to this stroma [79] . This means that, in contrast to endogenous islets, the implanted islets are surrounded by a tissue with higher vascular density. A tentative interpretation of these findings would be that islet grafts can induce angiogenesis, probably by expressing angiogenesis-stimulating factors such as vascular endothelial growth factor (VEGF) [123, 124, 125] in response to hypoxia, but that it does not lead to an adequate vascular ingrowth into the endocrine tissue. Instead there is a hypervascularity in the graft stroma for reasons which are not known. High local concentrations of insulin from the graft could affect capillary ingrowth, similar to what is seen with reinnervation of islet grafts [126] , but this awaits experimental confirmation. Another confounding factor when analysing vascular densities in islet grafts is the possibility that the age of the islet donor could affect the angiogenic potential of the graft. It is known that donor age is inversely related to the replicatory rate within the grafts in experimental human islet transplantation [127] . There is also evidence to suggest that a similar correlation to graft blood flow exists [128] . However, if this is due to an impaired revascularization is not known.
It should be noted that the findings referred to above were made in transplanted adult islets. When transplanted foetal porcine ICC were studied by means of vascular corrosion casts, there was a vascular architecture similar to that of native islets [88] . However, a well developed stroma containing numerous blood vessels was also observed in these grafts.
A final comment on islet intra-graft capillary distribution is that the grafted islets are surrounded by blood both when implanted as aggregates into the spleen or kidney, or as single islets into the liver, in the former case from stromal capillaries, and in the second case by blood of the portal vein. Because islets also survive in vitro by receiving nutrients and oxygen through diffusion from the surrounding culture medium and in vivo after microencapsulation [129] it is logical that transplanted islets can partially compensate for the reduced number of microvessels by diffusion from surrounding blood or blood vessels or both.
When the direction of flow through transplanted single islets has been studied with in vivo microscopy, a flow from beta cells to non beta cells, similar to what is seen in endogenous islets (see above), has been found [130] . Of interest, reaggregated islet cells, forming so called pseudoislets, established this pattern with a core-to-mantle direction of the blood flow, and with a vascular density similar to that of other transplanted islets [131] . Whether or not a re-establishment of microvascular flow direction occurs in islets implanted as aggregates is at present not known. Some studies, nevertheless, suggest that this could be the case also during these circumstances [80] , whereas another study suggests a marked change in blood perfusion with the non-beta-cell mantle being preferentially perfused [132] .
Transplantation of islets also means that the insuloacinar portal system is interrupted and destroyed. Because the islet grafts are devoid of exocrine tissue, there would be no need for such a vascular system. It should be kept in mind that the implanted islets consist of large islets suitable for isolation by collagenase digestion [e.g. 6] lacking such a portal system. It has been debated to what extent human islets possess a portal system but recent findings make it likely that also these islets are drained by venulae after experimental implantation [25] . In recent experiments we have shown that both adult and foetal islets implanted under the renal capsule drain into venules, which then empty into larger veins covering the surface of the graft and finally into the inter-lobular veins of the kidney [25, 133] . This means that the blood drainage is similar to that of native islets after transplantation as well.
A final issue of interest in this context is the possible formation of amyloid substance within the grafts. Islet-like amyloid polypeptide (IAPP) is formed in human islets and has been shown to accumulate between the endocrine cells and the capillaries after transplantation [134] . Because IAPP does not form fibrillar deposits in common laboratory animals, this means that the possible disturbance of such amyloid deposits on hormonal transport into the circulation is specific to implantation of human islets. Proteinaceous deposits around islets, although not distinctly fibrillar in nature, can be seen in the endogenous pancreas of rabbits after chronic duct ligation, but do not cause any obvious functional impairment in this model [135] .
Factors influencing revascularization. Exocrine contamination after islet isolation could disturb angiogenesis and engraftment in general [101, 136] . Indeed, one of the reasons for culturing islets before transplantation has been to eliminate cells other than the endocrine, such as macrophages, dendritic cells, exocrine cells and endothelium. However, application of the Edmonton protocol [11] as well as some previous experimental studies [137] have shown that freshly isolated islets could be advantageous for engraftment. One possible explanation is that islets, and contaminating cells, contain endothelial cells which could facilitate angiogenesis. Recent findings [138] suggest that freshly isolated islets provide a higher partial pressure for oxygen within the grafts. In order to prove this further, studies addressing the long-term consequences of implantation of freshly isolated islets are clearly needed.
A slower angiogenesis and overall engraftment seem to occur in transplanted smaller islets than large islets [139] . Dissociation of pancreatic islets, followed by reaggregation of the endocrine cells to pseudoislets, also delay the revascularization process [139] . The effects of cryopreservation, which at present is the only available method for long-term storage of islets [140] , on revascularization has been studied to some extent. No effects on angiogenesis and vascular density after implantation of single islets were seen [141, 142] ; neither could any negative influences be found on aggregated islets implanted under the kidney capsule [143] . It is likely that cryopreservation protocols optimised for the endocrine cells of the islets are less suitable for the survival of endothelial cells. However, it is obvious that this does not hamper the revascularization process.
Most studies of islet graft revascularization have been conducted in different syngeneic or immunocompromised animal models [9] . However, immune responses do not seem to affect the revascularization process as observed during the first week, although as the immune rejection progrediates, a reduction of the capillary network occurs as a consequence of the microvascular rejection [144, 145] . Cyclosporin in itself could affect angiogenesis [66, 146] and thereby islet graft vascular ingrowth. More recent analyses of the effects of different immunosuppressive drugs on the revascularization of free islet grafts have shown only slight changes in the vessel ingrowth, without any effect on microvascular perfusion as determined by intravital microscopy [32] . Thus, neither cyclosporin [147, 148] , RS-61443 [149] nor prednisolone [150] caused any impairment in this process. Neither have any marked short-term effects of these immunosuppressive drugs on the blood perfusion of endogenous islets been observed [151] . It is at present not known whether the immunosuppressive drugs could adversely affect the blood perfusion of islet grafts. The influence of novel antirejection approaches, such as blockade of adhesion molecules or inhibition of oxygen radicals, on the revascularization of transplanted islets has not been studied much. A recent intravital microscopic study has shown that dietary supplementation with the antioxidant vitamin E could prevent islet xenograft rejection without affecting the angiogenesis in the grafts [145] .
One issue of debate regarding revascularization of transplanted islets has been to what extent, if any, prevailing hyperglycaemia in the immediate period after transplantation affects angiogenesis and vascular ingrowth. Based on measurements of blood perfusion, it was initially suggested that hyperglycaemia could adversely affect revascularization [152, 153] . This has also indirectly been supported by studies on the gene expression of angiogenic factors and their receptors in islet grafts [90] . In this study, the authors could demonstrate a delay in the expression of both such factors and their corresponding receptors. In a careful study, investigators demonstrated, however, that revascularization in itself was not affected by persisting hyperglycaemia [154] . As mentioned above, however, the vascular density in grafts is lower. Moreover, the study by Menger was focussed on revascularization of single islets, not groups of islets. The effects of hyperglycaemia can therefore be interpreted to be mainly on the blood flow rather than on the angiogenic process, as discussed in further detail below.
Function of vasculature of transplanted islets
Blood perfusion. As mentioned above, endogenous pancreatic islets have a blood perfusion exceeding that of the exocrine parenchyma by a factor of 5-10. Initial studies with the microsphere technique on the blood perfusion of rodent islets implanted under the renal capsule have demonstrated a flow value similar to that of endogenous islets, i.e. 10-20 nl/min times islet. This is in line with the observations that single islets implanted subcutaneously have a high flow [32], even though this blood flow has never been measured. However, the measurements on transplanted islet aggregates were made on animals subjected to a partial pancreatectomy (to have access to autologous islets), which might have influenced the results. Furthermore, it cannot be excluded that so called preferential streaming of microspheres [155] could lead to an over-estimation of graft blood perfusion.
More recent studies from our laboratory, with laserDoppler flowmetry [156, 157] and a modified microsphere technique [133] , have shown that the blood flow in transplanted adult islets is lower (25-50%) than in the implantation organ (kidney, spleen, liver), and does not increase with time, at least up to 9 months after transplantation (Fig. 4) . Similar findings have also been obtained in human islets implanted under the renal capsule of athymic nude mice [128] . These findings are more in line with the reduced vascular density in the islet grafts referred to above. Of interest is also the finding that there seems to be no difference in blood perfusion between cultured and freshly isolated islets after transplantation [138] . Persisting hyperglycaemia after implantation induces an increased islet blood flow, which is associated with a capillary hypertension [133] (see below). Because the revascularization is not affected by hyperglycemia [154] , there could be a defect in the regulation of blood flow during hyperglycaemia. The possibility that an increased blood flow could be detrimental to the islets, due to increased shear stress on the endothelium [158] , should be kept in mind, and is discussed further below.
The regulation of the blood perfusion in the newly formed intra-graft blood vessels is initially almost absent (cf. tumours; [159] ). With time, however, at least foetal islets achieve a blood perfusion which is sensitive to nitric oxide [40] , similar to that seen in endogenous islets in both native and transplanted pancreata [44, 46] . When examining adult islets in normoglycaemic and hyperglycaemic recipients 4 weeks after transplantation, we found an increased blood flow after administration of adenosine, whereas angiotensin II and the nitric oxide synthase (NOS) inhibitor N G -nitro-L-arginine induced a lower blood perfusion [156] . Prevailing hyperglycaemia after transplantation increased the sensitivity to angiotensin II and decreased that to NOS inhibition.
A consistent finding during reinnervation of islet grafts is that sympathetic nerve fibres are found adjacent to the blood vessels growing into the graft [39, 160] . The functional importance of these nerves for graft blood-flow regulation is not clear. However, a decreased sensitivity of insulin release to acetylcholine and an increased sensitivity to noradrenaline has been described in perifused islet grafts [161] . The latter argues for a denervation hypersensitivity [162] .
To what extent this could explain the diminished blood flow in islet grafts has yet to be investigated.
Lymphatic capillaries and capillary blood pressure.
Whether lymphatic capillaries, which are present in all commonly used implantation organs, develop in transplanted islets is of profound interest, because it will have major consequences for the understanding of blood-flow regulation in the graft. In endogenous islets there are no lymphatic capillaries [163] , even though they could be present in their vicinity [164] . If lymphatic capillaries indeed exist in the transplant it means that the secreted hormones will not be exclusively removed by the blood circulation, but, to some extent, by lymphatic vessels draining into the systemic circulation as well. On the other hand, if lymphatic capillaries are absent, very high interstitial pressures are required within the central parts of the graft to maintain an adequate circulation, with associated large regional differences in the blood perfusion within the transplant (cf. tumor circulation) [159] . Preliminary findings have shown that lymphatic capillaries are indeed present in islets implanted under the renal capsule (Carlsson, Jansson and Källskog; unpublished observations), as also suggested by the low interstitial pressure values recorded in a previous study [133] . Interestingly, it has recently been shown that transgenic animals overexpressing VEGF-receptor C also express aberrant lymphatic vessels in close association with the islets [165] .
In the newly formed capillaries of transplanted pancreatic islets there is a consistent increase in capillary blood pressure to levels similar to those of the implantation organ [133] . In endogenous islets the capillary pressure is only 3-4 mm Hg, which is markedly lower than in the implantation organs commonly used (Fig. 4) . Moreover, no change with time after transplantation occurs [53, 133] , which means that the islets are exposed to a chronic capillary hypertension after implantation. At present the effects of this are unknown, but in other organs, e.g. kidneys and retina, this increased shear stress is known to affect endothelial function, with possible effects also in the parenchymatous cells [57] .
Oxygen pressure and metabolism in transplanted islets. One of the crucial functions of the newly developed vascular system in transplanted pancreatic islets is to deliver oxygen in sufficient quantities for the metabolic needs of the islet graft. It could be that oxygen delivery is far from optimal during the initial days after implantation. This has been suggested by measurements of oxygen tension in isolated Brockman bodies of fish [166] and in in vitro studies showing that islet function becomes impaired under prevailing low oxygen concentrations [167, 168] . Furthermore, endothelial cell function is also adversely affected by hypoxia [169] , which could lead to a disturbance of graft blood flow. Measurements with Clark type oxygen microelectrodes with a guard cathode [157] (outer tip diameter of 5-6 µm, and an inner tip diameter of 2 µm) have found that transplanted islets are hypoxic (7-10 mm Hg; 15% of normal partial pressure for oxygen), irrespective of implantation site (kidney, spleen, liver), without any improvement with time, for up to one year after transplantation [64, 157] . Similarly low tissue oxygen tensions have also been recorded in experimental human islet transplantation [128] . Interestingly, freshly isolated rodent islets have a markedly higher oxygen tension (3 times, i.e. 50% of that in endogenous islets; 20 vs 40-45 mm Hg) [138] .
The oxygen tension within grafted islets seems to be independent of the graft size, once engraftment has been established [157] . However, within the graft the gradient naturally depends on the size of the individual islets, because a large majority of the capillaries are located to the intra-graft stroma [79] . It is likely that the central parts of large individual islets could become hypoxic, and subsequently undergo necrosis or apoptosis or both, similar to the findings in cultured islets [6] . Furthermore, the appearance of so called blood lakes in aggregated islet grafts [9] , that is an amorphous cellular debris mixed with blood cells, is likely to represent remnants of dying cells. A marked loss of islets in the period immediately after transplant, both due to necrosis and apoptosis, has also been found in several other studies [e.g. 13]. It is therefore likely that initial pressures of oxygen are less representative, due to the ongoing cell death. The hypoxia, anyhow, persists for several months after implantation, suggesting that there is a chronic hypoxia in aggregated islet grafts. The contribution of a decreased vascular density or changed blood flow regulation or both is not known.
Further support for the presence of a chronic hypoxia comes from our recent experiments with the microdialysis technique [170] . The principle for this technique is that the microdialysis probe should mimic a capillary blood vessel with respect to its permeability to substances [171, 172] . Probes (outer diameter 0.5 mm) with membranes with different cut off limits (20,000 or 100,000 kDa) are inserted with the aid of a cannula so that its entire membrane is within the graft. The probe is then continuously perfused with Ringer's solution at a low-flow rate (0.3-2.0 µl/min). Our preliminary experiments have shown that we can detect differences in glucose and insulin concentrations within grafts, which are likely to mirror the intra-transplant milieu. Of particular importance is our finding that the lactate-to-pyruvate ratio, i.e. a measure of the degree of anaerobic metabolism, is much higher in grafted islets of both normoglycaemic and hyperglycaemic recipients (by a factor of 5-7) than in cultured islets. This suggests that the observed low oxygen tension is associated also with a metabolic adaptation to the hypoxia.
Interventions to improve graft vascular function
The possibility of improving engraftment, especially with regard to revascularization, has been considered during the last decades. Several reports noticed some improvement in islet graft survival and revascularization by means of basic fibroblast growth factor (bFGF) [173, 174, 175] , acidic FGF [173] and endothelial cell growth factor [173, 176] exposure of the graft. Furthermore, several studies have addressed the question to what extent other growth factors could affect growth, survival and differentiation of both adult and foetal transplanted islets [177] . Recently, it was shown that cultured and transplanted islets produce VEGF, which is an endothelialspecific growth factor contributing to most forms of angiogenesis [90, 123, 124] . An important field for future investigations is to evaluate the extent to which stimulation of angiogenesis could improve revascularization, and thereby, hopefully, also endocrine function.
Supplementation of the pancreas digestion medium with albumin has shown beneficial for islet function after transplantation [178] . This effect, however, does not seem to be due to improved revascularization, but other factors [179] . A possibility would be to coculture islets before transplantation with, or to implant them simultaneously with microvessels or angioblasts or both. The approach with implanted microvessels has proven successful with skin flaps [180] and with ex vivo expanded endothelial cells for amelioration of hind limb ischaemia in mice [181] . However, these suggestions remain conjectural.
Conclusions
Of crucial importance for the ultimate function of grafted pancreatic islets or whole pancreas is the engraftment as characterized by the revascularization, reinnervation and blood-flow regulation within the transplant. This is especially important in view of the shortage of islets suitable for transplantation, which means that damage of the endocrine cells after transplantation should be kept at a minimum. Evidence from experimental islet transplantation suggests that the vascular system of transplanted aggregates of islets is different from that of endogenous islets as manifested in a decrease in vascular density, blood flow and partial pressure of oxygen. Preliminary experiments also suggest that grafted islet aggregates have a marked degree of anaerobic metabolism. Such a metabolic derangement might well hamper a normal regulation of insulin secretion. It is important to ascertain whether impairments in vascular function are present after clinical islet transplantations to achieve optimal conditions for survival of transplanted beta cells in clinical trials.
Sources. The review is based on the relevant literature published in the English language during the period 1985-2001, and in seminal prior contributions. The sources available to the authors were integrated with sources identified through PubMed searches for "islet transplantation and revascularization" and "islet transplantation and engraftment" and "islet transplantation and blood flow". 
